Based on analyzing characteristics of Rogowski coil, a new type of PCB traveling wave sensor with simple structure, high linearity, and anti-interference ability is proposed. The sensor has fine physical structure, which can effectively resist external electromagnetic interference by anti-interference measurement. In addition, it can greatly improve mutual inductance based on simple combinations. Simulations show that the new PCB traveling wave sensor can validly extract and deliver traveling wave signal and therefore realize fault location and protection accurately.
Introduction
With the power system expanding, the voltage class promoting, and higher network security requirements, accurate fault location becomes an important safeguard for fast faultclearing and improving of the power system [1] [2] [3] [4] [5] . The action time of travelling wave protection is much less than the lower frequency protection [6, 7] . The accuracy of travelling wave signal detection directly influences the accuracy of travelling wave fault location and the reliability of travelling wave protection. So accurate detection of travelling wave signal has become the direction of travelling wave technology [8] [9] [10] [11] .
Current transformer and inductive voltage transformers can transfer the highest band signal and polarity of wave head without delaying [12, 13] . It can be used for fault travelling wave protection and positioning analysis based on travelling wave head. But complicated software methods are necessary to identify and extract the wave head effectively. In Canada BC Hydro's 500 KV transmission grid, fault travelling wave positioning system was installed. The sensor of travelling wave is a small electric reactor, in series with CVT's ground electrode to extract the voltage travelling wave signal [14, 15] . The system can detect all kinds of travelling wave signals effectively. But because the primary system wiring need be changed when electric reactor is installed, this does not meet China's power system operation standard so it is hard to be applied and spread. In [16, 17] , a dedicated travelling wave sensor based on Rogowski coil theory was studied, muff-coupling on CVT's ground wire. Measure the current travelling wave at which ground through CVT can reflect the line voltage travelling wave. It has no direct electric connection with primary equipment and has advantages such as small delay errors, good frequency response, and high sensitivity. But the induction coil of travelling wave sensor need be wound manually or winding machine. It is not so well distributed on the secondary side winding. The coefficients of mutual induction and anti-interference are of big errors even producing the same time. Coil's transient response is hard to remain the same and with low stability. It is hard to meet the demand of nanosecond synchronization accuracy in traveling-wave detection.
In order to ensure the consistency for different coefficient of mutual inductance of traveling wave sensor, to boost antiinterference of coil, the primary conductor and secondary coil are both printed on the PCB board. Their locations were relatively stable and coiled uniformly. The consistency for different coefficient of mutual inductance of traveling wave sensor and the magnetic coupling are enhanced. A unique spiral winding method is adopted to wind the secondary coil to resist outside magnetic interference. 
Operating Characteristics of Rogowski Coil
Rogowski coil is a fairly mature current measuring device consisting of a bandpass filter with ideal amplitude-frequency, phase-frequency, and transient characteristics, which has been widely used to measure large current surge. Taking Rogowski coil to measure pulsed current, the measured signal is almost unrestricted. Rogowski coils are nonsaturated under any circumstances, thus being able to measure nanosecond rise time of current. It also has nondirect electrical contact with the primary side of the circuit. Clearly, the simple implementation of the first two requirements of the sensor and the detection delay is very short.
Rogowski coil has two kinds of working status: the status of self-integration and differentiation [18] . Rogowski coil analyzed in this paper is under the status of self-integration. In equivalent circuit 1, there are equations as follows according to Kirchhoff 's current law:
Assuming 1/ 0 ≫ , then ≈ 0, at this time; it can be seen that 2 = ; thus, (1) could be shown as
When electric resistance + is small enough or the change rate of current is large enough, there is ≫ + ; (3) can be changed into
Based on (4) it can be obtained that
Substituting with ⋅ in (5), the following equation can be obtained:
Therefore, the output voltage is
According to the above analysis, only when the sample resistance is small (typically a few ohms or less) or a large change rate of current, could formula (7) be set up. Therefore, Rogowski coil operating under the status of self-integration is suitable for measuring rapid changes in short time traveling wave pulses. In Figure 1 , it could be known that the transfer function of Rogowski coil under the status of self-integration is as follows [19] :
The amplitude-frequency characteristic is
The phase-frequency characteristic is
Using high-frequency small-signal analysis of parallel resonant circuit theory, you can get the upper frequency and the lower frequency:
According to the above analysis of upper frequency, lower frequency, and amplitude-frequency characteristic formulas, the device based on Rogowski coil can be designed to extract fault traveling wave.
PCB Traveling Wave Sensor

Design Principle.
Based on the Rogowski coil principle, PCB traveling wave sensor with simple structure, high linearity, and anti-interference ability is designed with the response frequency range of 10 kHz∼100 MHz. Its lower frequency is 10 kHz and the power system frequency signals and 200 times less harmonic signal can be filtered out. So PCB traveling wave sensor also has a high-pass filter function, which can be directly used in extracting high-frequency traveling wave signal in fault location and protection. Calculation principle of PCB traveling wave sensors is derived from the law of electromagnetic induction and Ampere's law just as traditional Rogowski coil: ( ) = − ( / ), = ( 0 ℎ/2 )ln( / ) ( is coil diameter, is coil diameter, and ℎ is coil height). PCB traveling wave sensor is designed by computeraided software and distributed evenly printed conductors on the printed circuit board. Printed wire replaces conventional Rogowski coil winding, and the thickness of PCB Rogowski coil replaces the traditional frame. As shown in Figure 2 , 1 stands for the primary coil of the sensor and 2 stands for the secondary one. Using digital processing technology in PCB traveling wave sensor can ensure the coil equal area from the craft, winding evenly spread, and accuracy in the production. Its production can be done automatically by simply inputting the data into computer numerical control machine tools with high production efficiency and coil parameters consistency.
Design
Scheme. PCB traveling wave sensor has one layer or several layers. Each layer has four subcoils or even a larger number of subcoils in the same plane (the size of each rectangular subcoil is gradually and uniformly increased, and subcoils are distributed symmetrically and sequentially connected in series). Subcoils on different layers are connected by vias. Signal output from the first and last end-sockets constitutes the secondary coil. A traveling wave sensor PCB coil tightly wound adjacent to each other on each half of the subcoils constituting one turn or loop.
The secondary coil gets a maximum induced current and the winding directions of the primary coil and the secondary coil of the subcoils are closely linked. By theoretical analysis and experimental tests, the wiring rules of primary and the secondary coils are as follows.
(1) The number of the secondary coils should be even.
(2) The adjacent secondary coils on each layer should be staggered in clockwise and counterclockwise turn.
(3) To eliminate the interference, subcoils of the secondary coils are designed to be equilateral polygon. (4) The secondary coil may be designed on one or more layers and connected in series to increase the induced current.
(5) The primary coil and the secondary coil should be matched along the optimal routing path.
As shown in Figure 3 , "clockwise" and "anticlockwise" show the trend of the secondary coils. Current direction in the primary coil to make max induced current in the secondary coil is shown by the "arrow. " Obviously, the optimal path of the primary coil winding is shown in Figure 4 .
Following the rules above, we designed a PCB traveling wave sensor with the winding direction shown in Figure 5 . It has the following characteristics.
(1) The secondary coils were distributed on two layers of the PCB.
(2) The subcoils of the secondary coils were formed hexagonal in order to reduce the reverse current in the secondary coil around the corner.
(3) The utilization rate of primary coil edges is 16/22, which can induce larger current in the secondary coil. 
Interference Analysis.
Taking the sensor winding as an example, the anti-interference analysis is shown as follows.
(1) When interference 1 is applied in a direction which is shown in Figure 6 , induction coils 1 and 2, 3 and 4, 5 and 6, and 7 and 8 generate electromotive force with equal amplitude but opposite direction. The pairs of forces canceled each other out in series so that the interference cannot affect the PCB production line wave sensor.
(2) When interference 2 is applied in the direction shown in Figure 6 , induction electromotive force coils 1 and 8, 2 and 7, 3 and 6, and 4 and 5 produce equal and opposite direction; thus they cancel each other out in series, which does not interfere with PCB traveling wave impact sensor.
(3) When interference 3 is applied in any direction, it can be decomposed into interference 1 and interference 2; in this condition there is no impact on PCB traveling wave sensor. Perpendicular to the PCB interference, because of no hinge and with the secondary coil, the secondary coils will not be interfered with.
The principle of proposed PCB production line wave sensor is of the same principle with conventional Rogowski coil, which are both winding uniformly on skeleton. The difference of them is that the traditional type of wire uses enameled wire, but the planar coil based on PCB uses holes to pass through the top and bottom surface of the printed circuit board. PCB boards are all multipanel. The structure can be manufactured easily with the current designing and manufacturing process, and the winding density is symmetrical. The estimate method of self-inductance coefficient and mutual inductance coefficient is the same as the traditional Rogowski coil, but it is more with higher anti-interference ability.
Mutual Inductance Calculation
For example, in Figure 2 , a width of a conductor is and has a certain thickness of the line and secondary spiral coil centerline overlap; therefore, the flux linkage effect is equivalent to the design in Figure 7 .
As current ( ) is flowing in the centerline of the spiral coil at position 1, current ( ) in the electromotive force induced in coil 1 is 0. From literature [20] , the current ( ) on a conductor with mutual inductance coefficient of spiral coil 2 can be expressed as follows:
In (12), the physical significance of , , and is shown in Figure 7 , is the single spiral coil number, and 0 is the permeability of vacuum.
So ( ) and ( ) can be obtained: In order to increase the coefficient of mutual inductance, the multiple double layers panel is connected in series and the induction electromotive force at the end of the combined coil is equal to each panel output accumulation of induction electromotive force:
Assuming the geometries of coils of each layer are the same, their self-inductance and stray capacitance should meet the following equation:
The combined natural frequency of the coil can be obtained by (16) expression:
It can be seen from expression (17) that although layer PCB panel after the combination of equivalent mutual inductance coefficient increases for times, inherent frequency is constant.
Simulation Analysis
A PCB traveling wave sensor simulation model is shown in Figure 8 , and the actual circuit simulation is shown in Figure 9 . 1, 1, 2, and 2 are resistor and inductor per unit for high and low voltage windings (including interturn inductance and mutual inductance), respectively. Specific values of the parameters are chosen as follows: 1 = 2 = 1 Ω, 1 = 29 mH, and 2 = 18 mH; 1, 2 are grounding capacitance, 1 = 700 pF, 2 = 300 pF; 1, 2 are vertical (interturn) equivalent capacitance for high and low voltage winding, respectively, 1 = 300 pF, 2 = 100 pF; 1, 2 are parasitic inductance ground for high and low voltage winding, 1 = 50 pF, 2 = 10 pF; 12 are capacitance between windings, 12 = 22 pF. Lumped parameter is the number of units connected in cascade, and the general value of is between 10 and 20. After repeat comparison, is set to be 10 in the model. Figure 9 is the EMTP simulation model. Figure 10 shows the secondary waveforms of PCB traveling wave sensor when the primary inputs are, respectively, step wave, lightning wave, and sine wave with initial phase angle are 0 ∘ and 90 ∘ . It could be seen from Figure 10 that the input signal and the output signal occur almost simultaneously in the inception of electrostatic induction. The electrostatic induction voltage is related to the secondary load of voltage transformer. Impact generates an oscillation signal in the second signal output circuit. When the primary coil input wave is at right angles, there is a larger secondary coil electrostatic induction voltage and a smaller electric current through the electromagnetic induction voltage. The free oscillation voltage does not exist. Secondary circuit is simulated under the right angle wave signals, the oscillation signal can be generated, and the main frequency of the oscillation is the inherent frequency of the secondary system.
Conclusion
(1) A new type of PCB traveling wave sensor has been proposed, which has large mutual inductance, strong anti-interference ability, and high measurement accuracy.
(2) Based on calculations, it has been proved that, with a simple combination, PCB traveling wave sensor is able to improve its mutual inductance effectively.
(3) Simulation results have shown that the new PCB traveling wave sensor can effectively extract and deliver traveling wave signals, thus realizing fault location and protection accurately.
